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ABSTRACT 
 
Bimetallic complexes are known to have unique electronic properties and are used 
in a variety of organic transformations as catalysts. The use of naphthalene-bridged bis-
triazoles (NBT) for bimetallic complexes is unknown. NBTs have the unique property of 
being fluorescent stemming from a twisted intramolecular charge transfer. With the non-
coplanar geometry and the distance between the 1,2,3-triazole rings, we hypothesized 
that 1,8-bis(4-phenyl-2H-1,2,3-triazol-2-yl)naphthalene (12) would be a suitable ligand to 
synthesize a bimetallic complex. The synthesis of 12 was optimized for large scale 
synthesis and was synthesized on a 78 mmol scale in 15% total yield. Metal complexation 
trials were conducted on 12 and several insoluble solids were observed. 
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CHAPTER 1: 
 
INTRODUCTION, BACKGROUND AND HIGHLIGHTS OF BIMETALLIC COMPLEXES 
 
1.1 Introduction to Bimetallic Complexes 
 Many organisms use bimetallic enzymes and cofactors to sustain biological 
processes.1 These enzymes and cofactors include: Mo-Fe/V-Fe nitrogenases, Ni-Fe/Fe-
Fe hydrogenases, purple acid phosphatases, Ni-[3Fe-4S] CO dehydrogenases, and class 
I ribonucleotide reductases.2-6 The combination of metals in these catalytic cycles allow 
for lower energy barriers through redox cycles between the substrates and metals. Over 
the past decade, many groups have explored the synthesis of bimetallic complexes and 
clusters to study the effects of ligand-metal and metal-metal interactions on the properties 
of these complexes and the reactivity toward catalytic transformations.  
 Bimetallic species exhibit many unique properties, but most interesting is auto-
redox in complexes where the metals are close enough for metal-metal interaction or 
share exchangeable ligands which decreases the redox potential.7 This property can be 
altered based on the metal-metal distance, the metal species, and the connecting ligand 
design. Several groups have explored these manipulations and have discovered a 
number of applications to their unique structures.  
1.2 Ligand Design for Bimetallic Complexes 
 There are generally two types of bimetallic complexes: discrete metal centered and 
close-proximity metal centered. Discrete metal centered complexes generally act as a 
combination of two complexes where the metals do not influence one another in a 
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significant manner.8 For the purposes of this review on bimetallic complexes, we will focus 
on close-proximity metal centered complexes for the properties the metals induce on one 
another. 
 
Figure 1. Examples of bimetallic complexes using ligand-bridged metals9,11 
 There are a few ligand designs that allow for metal-metal interaction. One of the 
designs involves the use of bridging ligands between the metals. This design allows the 
metals to interact by exchanging the ligand and thus decreasing the redox potential of 
the metal pair. Several examples include halogen bridging ligands or organic bis-
chelating ligands (Figure 1).9-14 Another ligand design involves constructing coordinating 
groups in close proximity to allow the metals to interact directly (Figure 2).1  
 
Figure 2. Examples of bimetallic complexes with metal-metal interaction1 
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1.3 Properties of Bimetallic Complexes 
1.3.1 Redox Potential Based on Metal-Metal Interaction 
 Bimetallic complexes possessing a metal-metal interaction are susceptible to 
autoredox or decreased oxidative or reductive potential. Lu et al. prepared Co-Co, Co-
Fe, Co-Mn, Fe-Fe, and Fe-Mn complexes that exhibit quasi-reversible/irreversible 
oxidation and quasi-reversible/reversible reduction at low redox potentials.1 Qu et al.. 
prepared Co-Co and Co-Fe complexes that also exhibit reversible reduction at low redox 
potentials.12 
1.3.2 Catalytic Activity in Organic Transformations 
 Bimetallic complexes have shown useful in many organic transformations. One of 
the oldest and most used bimetallic catalysts is Rh2(OAc)4. Rh2(OAc)4 has been used to 
demonstrate C-H functionalization and cyclopropanation.13-14 Uyeda et al.. showed Ni-Ni 
complexes were efficient for hydrosilyation reactions and alkyne cycloadditions.15-16 
Iwasawa et al.. showed Pd-Al, Pd-Ga, and Pd-In complexes were efficient for 
hydrosilyation reactions of carbon dioxide.17 Ritter et al.. showed Pd-Pd complexes were 
efficient for hydroxylation reactions on ketones.18 Ding et al. showed cyanation of 
aldehydes using Ti-Ti complexes bridged by oxo groups.19 Gong et al. were able to show 
efficient oxidative coupling of 2-naphthols using V-V complexes that showed 
enantioselectivity.20  
1.4 Conclusion 
 Bimetallic complexes exhibit unique properties that act quite differently than the 
monometallic complex of the same metal. These complexes exhibit unique electronic 
properties. The electronic properties are the foundation for the unique catalytic reactivity 
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some complexes possess. Further investigations into bimetallic complexes will reveal 
patterns with geometry, metal choice, and ligand design toward the electronic properties 
they possess. 
1.5 References 
1. Tereniak, S.; Carlson, R.; Clouston, L.; Young Jr., V.; Bill, E.; Maurice, R.; Chen, 
Y.; Kim, H.; Gagliardi, L; Lu, C. J. Am. Chem. Soc., 2014, 136, 1842–1855 
2. Lee, C.; Hu, Y.; Ribbe, M. PNAS, 2009, 106, 9209-9214 
3. Fontecilla-Camps, J.; Volbeda, A.; Cavazza, C.; Nicolet, Y. Chem. Rev., 2007, 
107, 4273	 
4. Schenk, G.; Mitić, N.; Hanson, G.; Comba, P. Coordination Chemistry Reviews, 
2013, 257, 473-482	 
5. Dobbek, H.; Svetlitchnyi, V.; Gremer, L.; Huber, R.; Meyer, O. Science, 2001, 293, 
1281-1285	 
6. Cotruvo, J.; Stubbe, J. Annu Rev Biochem., 2011, 80, 733-767	 
7. Liddle, S. T. Molecular Metal-Metal Bonds: Compounds, Synthesis, Properties; 
Wiley-VCH: Weinheim, 2015 
8. Sabater, S.; Mata, J.; Peris, E. Eur. J. Inorg. Chem., 2013, 4764–4769 
9. Azerraf, C.; Cohen, S.; Gelman, D. Inorg. Chem., 2006, 45, 7010−7017 
10. Powers, D.; Ritter, T. Nature Chem., 2009, 1, 302-309 
11. Mokhtarzadeh, C.; Carpenter, A.; Spence, D.; Melaimi, M.; Agnew, D.; 
Weidemann, N.; Moore, C.; Rheingold, A.; Figueroa, J. Organometallics, 2017, 36, 
2126–2140 
	5	
12. Tong, P.; Xie, W.; Yang, D.; Wang, B.; Ji, X.; Lia, J.; Qu, J. Dalton Trans., 2016, 
45, 18559-18565 
13. Doyle, M.; Duffy, R.; Ratnikov, M.; Zhou, L. Chem. Rev., 2010, 110, 704–724 
14. Davies, H.; Manning, J. Nature, 2008, 451, 417-424 
15. Steiman, T.; Uyeda, C. J. Am. Chem. Soc., 2015, 137, 6104–6110 
16. Pal, S; Uyeda, C. J. Am. Chem. Soc., 2015, 137, 8042–8045 
17. Takaya, J.; Iwasawa, N. J. Am. Chem. Soc., 2017, 139, 6074–6077 
18. Chuang, G.; Wang, W.; Lee, E.; Ritter, T. J. Am. Chem. Soc., 2011, 133, 1760–
1762 
19. Zhang, Z.; Wang, Z.; Zhang, R.; Ding, K. Angew. Chem. Int. Ed., 2010, 49, 6746 
–6750 
20. Guo, Q.; Wu, Z.; Luo, Z.; Liu, Q.; Ye, J.; Luo, S.; Cun, L.; Gong, L. J. Am. Chem. 
Soc., 2007, 129, 13927–13938 
 
	6	
CHAPTER 2: 
 
LARGE-SCALE SYNTHESIS OF BIS-4-PHENYL-TRIAZOLE 1,8-NAPHTHALENE 
AND METAL COMPLEXATION TRIALS 
 
2.1 Introduction and Background 
 Bimetallic complexes possess unique properties and applications. They are used 
for catalysis, electronics, and magnetic applications.1-3 Qu et al. synthesized Co-Co and 
Co-Cu bimetallic complexes using dithiolate as the bis-chelating ligand which exhibited 
the potential to reduce protons for hydrogen evolution.4 Carmona et al. produced a Mo-
Mo quadruple bonded bimetallic complex exhibiting reactivity toward hydrogen 
activation.5  
 
Figure 3. X-ray crystallographic structure of 12 and distances between nitrogens6 
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In 2014, Shi et al. synthesized the first naphthalene-bridged bis-triazole (NBT).6 
These NBTs exhibited a unique non-planarity and distances comparable to metal-metal 
bond distances (Figure 1). Thus, we explored the large-scale synthesis and metal 
complexation of 12 (Figure 2). Through optimization of the reaction conditions and 
synthetic pathway, we could synthesize enough 12 to explore metal complexation. 
 
Figure 4. Proposed synthesis of bimetallic naphthalene-bridged bis-triazole 
2.2 Experimental Methods and Procedures 
2.2.1 General Information 
All reactions dealing with air and/or moisture-sensitive reactions were carried out 
under an atmosphere of argon using oven-dried glassware and standard syringe/septa 
techniques. Unless otherwise noted, all commercial reagents and solvents were obtained 
from commercial providers and used without further purification. The following 
compounds were prepared by literature methods: Cu(bpy)Cl2, Fe(bpy)Cl2, 
II
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[Hbpy][Ir(bpy)Cl4], Ni(bpy)Cl2, and Pd(bpy)Cl2.7-11 Chemical shifts were reported relative 
to internal tetramethylsilane (d 0.00 ppm), d6-DMSO (d 2.50 ppm), or CDCl3 (d 7.26 ppm) 
and d6-DMSO (d 39.5 ppm) or CDCl3 (d 77.0 ppm) for 13C NMR on an INOVA-400 
magnet. 
2.2.2 Representative Procedure for the Preparation of 1,8-Diiodonaphthalene 9 
 Procedure modified from Göbel et al.12 8 (50 g, 300 mmol) was pulverized to a fine 
powder using a mortar and pestle. The powder was added to 12 M HCl (500 mL) in a 4 L 
Erlenmeyer flask equipped with an overhead mechanical stirrer. The mixture was stirred 
as ice-water (500 mL) was added slowly. The reaction vessel was cooled in a salt-ice 
bath. To the vigorously stirred reaction vessel, NaNO2 (65 g, 900 mmol) dissolved in water 
(500 mL) was added over 30 minutes making sure the reaction did not exceed 5 °C. After 
adding the NaNO2 solution, KI (315 g,1.8 mol) dissolved in water (500 mL) was added 
over 30 minutes. After addition of the KI solution, the reaction flask was heated on a 
hotplate until iodine fumed above the solution. Once cool, the reaction mixture was slowly 
neutralized with solid NaOH (240 g). The mixture was then filtered through a cotton plug. 
The collected solid was subjected to Soxhlet extraction with diethyl ether (500 mL). The 
extract was then diluted with diethyl ether until completely dissolved. The ethereal solution 
was transferred to a separatory funnel and washed with saturated Na2S2O3 solution until 
no more iodine remained in the organic layer. The ethereal solution was washed with 
brine and then passed through a silica gel plug. The ether was evaporated and the 
product was recrystallized from hot hexanes to yield yellow needles (34.197 g, 30% yield). 
1H NMR (400 MHz, CDCl3): d 8.41 (dd, J = 7.6, 1.2 Hz, 2H), 7.82 (dd, J = 8.0, 1.2 Hz, 
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2H), 7.05 (dd, J = 8.0, 7.6 Hz, 2H). 13C NMR (100 MHz, CDCl3): d 172.5, 144.0, 131.0, 
126.9, 110.0, 96.0. 
2.2.3 Representative Procedure for the Preparation of (E)-(2-nitrovinyl)benzene 
 Procedure modified from Johnson et al.13 To an Erlenmeyer flask of methanol (400 
mL), NaOH (20 g, 500 mmol) was added Once the methanolic solution cooled, it was 
added dropwise to a stirred solution of freshly distilled benzaldehyde (40 mL, 394 mmol) 
and CH3NO2 (60 mL, 1.118 mol) in a round-bottom flask cooled to 0 °C. The reaction was 
allowed to stir for an additional 30 minutes, then was poured into ice cold 1 M HCl (500 
mL). The mixture was vacuum filtered onto a filter paper lined Buchner funnel and the 
precipitate was washed with ice-cold water and ice-cold ethanol. The product was 
recrystallized from DCM and hexanes to afford yellow needles (48.39 g, 82% yield). 1H 
NMR (400 MHz, CDCl3): d 7.96 (d, J = 13.6 Hz, 1H), 7.56 (d, J = 13.6 Hz, 1H), 7.52-7.47 
(m, 5H). 13C NMR (100 MHz, CDCl3): d 172.8, 137.4, 132.5, 130.4, 129.7, 129.5. 
2.2.4 Representative Procedure for the Preparation of 4-Phenyl-1H-1,2,3-triazole 10 
 Procedure modified from Guan et al.14 NaN3 (31.64 g, 810 mmol) and DMSO (300 
mL) were added to a round bottom flask equipped with a magnetic stir bar. The mixture 
was heated to 90 °C and a solution of (E)-(2-nitrovinyl)benzene (48.39 g, 324 mmol) and 
p-TsOH•H2O (18.53 g, 324 mmol) in DMSO (300 mL) was added dropwise over 30 
minutes. The reaction mixture was allowed to stir for an additional 10 minutes and then 
transferred to a separatory funnel. The mixture was diluted with ethyl acetate and 
saturated NH4Cl solution was added. The mixture was extracted with saturated NH4Cl  
three times. The organic layer was washed with saturated NaHCO3 solution and brine, 
then dried with anhydrous sodium sulfate. The organic solution was concentrated and 
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recrystallized with hot toluene to afford white needles (27.90 g, 60% yield). 1H NMR (400 
MHz, d6-DMSO): d 8.34 (s, 1H), 7.87 (dt, J = 8.0, 1.6 Hz, 2H), 7.44 (tt, J = 8.0, 1.6 Hz, 
2H), 7.33 (tt, J = 8.0, 1.6 Hz, 1H). 13C NMR (100 MHz, d6-DMSO): d 152.5, 129.3, 126.0, 
115.2, 114.7, 110.0. 
2.2.5 Representative Procedure for the Preparation of 1,8-Bis(4-phenyl-2H-1,2,3-triazol-
2-yl)naphthalene 12 
 Procedure modified from Shi et al.6 9 (30 g, 79 mmol), 10 (12.61 g, 86.9 mmol), 
CuBr (1.13 g, 7.9 mmol), L-proline (1.82 g, 15.8 mmol), and K2CO3 (21.82 g, 158 mmol) 
were added to a round bottom flask equipped with a magnetic stir bar. The flask was 
sealed with a septum and the atmosphere was replaced with argon. Dry DMSO (200 mL) 
was added to the flask via syringe and the flask was heated to 80 °C for 6 hours. The 
contents were filtered through a pad of Celite and transferred to a separatory funnel. The 
mixture was diluted with ethyl acetate and water was added. The mixture was extracted 
with brine three times. The organic layer was passed through a pad of silica gel and 
evaporated. The intermediate product 11 was confirmed by crude NMR and then 
transferred to a round bottom flask equipped with a magnetic stir bar. 11 (28.66 g, 23.7 
mmol), CuBr (1.13 g, 7.9 mmol), L-proline (1.82 g, 15.8 mmol), and K2CO3 (27.28 g, 23.7 
mmol) were added and sealed with a septum. The atmosphere was replaced with argon 
and DMSO (400 mL) was added via a syringe. The flask was heat to 120 °C for 12 hours, 
then the contents were filtered through a pad of Celite and transferred to a separatory 
funnel. The mixture was diluted with ethyl acetate and water was added. The mixture was 
extracted with brine three times. The organic layer was passed through a pad of silica gel 
and evaporated. The residue was dissolved in ethyl acetate and triturated with hexanes, 
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filtered and recrystallized from DCM and hexanes to afford yellow crystals (16.36 g, 50% 
yield). 1H NMR (400 MHz, CDCl3): d 8.09 (dd, J = 8.4, 1.2 Hz, 2H), 7.95 (dd, J = 7.4, 1.2 
Hz, 2H), 7.68 (dd, J = 8.2, 7.4 Hz, 2H), 7.57 (s, 2H), 7.52−7.47 (m, 4H), 7.28−7.21 (m, 
6H). 13C NMR (100 MHz, CDCl3): d 172.3, 148.1, 148.0, 135.4, 135.3, 129.9, 129.2, 128.3, 
126.8, 125.7, 123.7, 109.8. 
2.2.6 Representative Procedure for Metal Complexation Trials 
 12 (41 mg, 0.1 mmol), metal salt (1-4 equiv.), base (2-10 equiv.), and solvent (0.1-
0.5 M) were added to a 5 mL vial equipped with a magnetic stirbar. The vial was fitted 
with a septum and the atmosphere replaced with argon. The vial was heated up to the 
specified temperature. The reaction was allowed to run for 8 hours. The reaction progress 
was checked by thin layer chromatography. Once complete the mixture was filtered by 
vacuum filtration and NMR was conducted on the filtrate using matching deuterated 
solvent. The filtered solid was collected and weighed, but proved insoluble for NMR 
characterization. 
2.3 Results and Discussion 
2.3.1 Large Scale Synthesis of Naphthalene-Bridged Bis-triazole 
 The scalability of the ligand hinges on three substrates: 9, 10, and 12. The 
challenge associated with synthesizing 9 is the low yields and the purification of the 
starting material 8. The challenge associated with synthesizing 10 was the purification 
involving column chromatography. The challenge associated with synthesizing 12 was 
the purification involving column chromatography.  
To alleviate one challenge with 9, it was found that the commercially prepared 8 
could be pulverized with a mortar and pestle and mixed with concentrated HCl before 
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affording the product with little diminished yield from the literature.12 When testing the 
particle size dependence on the yield, it was found that the unaltered commercial reagent 
in concentrated HCl produced the product in 10% yield. When testing the acid 
concentration dependence on the yield, it was found that diluted acid produced the 
product in 20% yield when the commercial reagent was pulverized into a fine powder. 
Thus, combining ground 8 with concentrated HCl produced the product in 30% yield. 
The synthesis of 10 can be completed using a variety of routes. Typically, similar 
triazoles are synthesized using protected-azide and phenylacetylene with copper sulfate 
and sodium ascorbate as demonstrated by Sharpless et al.15 This method generally 
produces high yields and requires three steps in synthesis. The drawback of this route is 
the need of column chromatography to purify the protected triazole and the deprotected 
triazole.  
Another route, the one used, was to synthesize (E)-(2-nitrovinyl)benzene through 
the Henry reaction and then undergo a cycloaddition reaction with sodium azide. This 
route had a few benefits: the (E)-(2-nitrovinyl)benzene was reported with recrystallization 
for purification and the yields were high. When conducted, it was found that yields were 
dependent on the reverse Henry reaction occurring in the cycloaddition step and the 
scalability was dependent on the amount of DMSO used. Guan et al. showed high yields 
with p-TsOH, but when repeated the yields were far from reported values.14 Modifications 
to the literature procedure showed increasing p-TsOH and the concentration affected the 
yield and scalability of the reaction. It was also found that the product could be purified of 
the impurities through acid-base extraction and recrystallization in toluene to supply 10 in 
60% yield. 
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Shi et al. produced 12 in good yield utilizing a one-step protocol, but purification 
required column chromatography.6 When tried, it was found the reaction was not clean 
and indeed would require chromatography to purify, but the two step protocol using CuBr 
as the catalyst produced cleaner reactions and could be purified by recrystallization with 
50% yield. 
2.3.2 Metal Complexation Trials of 12 
 Complexation of 12 began by heating in the presence of metal salts in ethanol 
(Table 1, Entries 1-11). Unfortunately, the solubility of the ligand was potentially a 
hindrance to the experiments. Next, the method used for generating iridium triazole 
complex from Shi et al. was used and produced an insoluble yellow-orange powder (Entry 
12).17 This result possibly indicated an inorganic polymer was generated. Next, the use 
of solvents that may coordinate with the proposed metal complex were used to increase 
the solubility of the generated complex (Entries 13-16). Unfortunately, these trials resulted 
in no conversion of the starting material. This may be due to the lack of base in the 
reaction. 
 Next, complexation of 12 using various bases in a variety of solvents was tested 
(Table 2). First, Cu(ClO4)2 with 2,6-lutidine was tested using a method similar to Wang et 
al. (Entry 1).16 With an insoluble blue-green powder being formed that was unstable to 
humidity, CuCl2 was used to try to make a more stable solid (Entry 2). An insoluble purple 
powder was formed and was also unstable to humidity. From that bpy was tested as a 
base and axial ligand for a variety of metal salts, but no conversion of starting material 
was observed (Entries 3-7). From that K2CO3 was tried as a base for a variety of metal 
salts (Entries 8-12). An insoluble blue-green powder was observed for Cu and Ni, but 
	14	
both were unstable to humidity (Entries 8-9). When testing other metals using K2CO3, no 
conversion of the starting material was observed (Entries 10-12). 
 These results led to the hypothesis that using pre-ligated metal salts would 
produce complexes that were more soluble and stable than previous examples (Table 3). 
Trying bpy ligated metal salts using Py as the base resulted in no conversion of the 
starting material (Entries 1-5). We hypothesized Py could interfere with the complexation 
due to the ease of coordination, so we used 2,6-lutidine as the base to avoid this due to 
steric hindrance (Entries 6-10). Unfortunately, 2,6-lutidine as base did not convert the 
starting material. 
2.4 Conclusions and Recommendations 
 The large-scale synthesis of 12 was successfully implemented. Several 
complexation trials were tested and led to a few insoluble solids that are to be improved 
upon. Future complexation experiments could be improved by increasing the solubility of 
the ligand and thereby increase the solubility of the metal complex or by modification of 
the coordination mode of the ligand. These ligand modifications could include aliphatic 
substituents on the aromatic rings 14, 2-pyridyl substitution of the phenyl rings 15, or 
carboxylate substitution of the 5’ positon on the triazoles 16 (Figure 5). Another 
modification of the ligand could include synthesizing asymmetric NBTs as seen in Shi’s 
paper.6 Other complexation experiments could also include using a step-wise 
coordination generating mixed metal complexes. Once a complex is generated it could 
be tested for catalysis and materials applications. 
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Figure 5. Proposed ligand modifications for future complexation experiments 
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APPENDIX 
 
NMR data for Chapter 2
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